A novel Emericella nidulans endo--1,4-galactanase (EnGAL) demonstrates a strong capacity to generate high levels of very potent prebiotic oligosaccharides from potato pulp, a by-product of the agricultural potato-starch industry. EnGAL belongs to glycoside hydrolase family 53 and shows high (72.5%) sequence identity to an endo--1,4-galactanase from Aspergillus aculeatus. Diffraction data extending to 2.0 Å resolution were collected from a crystal of EnGAL grown from conditions containing 0.2 M zinc acetate. The crystal structure showed a high similarity between EnGAL and other endo--1,4galactanases belonging to GH53. It also revealed 15 zinc ions bound to the protein, one of which is located in the active site, where it is coordinated by residues Glu136 and Glu246 which comprise the catalytic machinery. The majority of the zinc ions are located on the surface of the enzyme, in some cases with side chains from two different molecules as ligands, thus explaining why the presence of zinc ions was essential for crystallization.
Introduction
Enzymatically solubilized polysaccharides from potato pulp have been demonstrated to exert potentially beneficial properties as dietary fibre and prebiotics in both in vitro (human faecal fermentations) and in vivo (rat and human) studies (Thomassen, Vigsnaes et al., 2011) . Recently, high yields of pectinaceous polysaccharides with high molecular weights have been released by a one-step enzymatic process using the enzymes pectin lyase and polygalacturonase from Emericella nidulans (a sexual anamorph of Aspergillus nidulans; Thomassen, Larsen et al., 2011) . The soluble, high-molecular-weight potato-pulp polysaccharides showed very promising prebiotic properties. Further hydrolysis of these high-molecular-weight polysaccharides with E. nidulans endo--1,4 galactanase expressed in Pichia pastoris showed that the high-molecular-weight potato -1,4-galactan could be further enzymatically degraded. The resulting product, a lower and narrower molecular-weight galactan, exhibits even more potent prebiotic effects on human gut microbiota. EnGAL shows optimal activity at 322 K and pH 5.0. Its half-life is 57 min at 313 K, 27 min at 322 K and 10.5 min at 333 K. On the addition of divalent metal ions (Ca 2+ , Mn 2+ and Zn 2+ ) a minor increase in activity was observed (Michalak et al., 2012) .
Sequence comparison showed that this endo--galactanase (EnGAL) belongs to CAZy family GH53 (Cantarel et al., 2009) and is part of the largest glycoside hydrolase clan (clan A; Supplementary Table S1 1 ). It acts with retention of the configuration at the anomeric position in a double-displacement mechanism (Jenkins et al., 1995; Henrissat et al., 1995) . EnGAL shows 72.5% sequence identity to the endo--1,4-galactanase from A. aculeatus (AAGAL), the structure of which has been determined at two temperatures: 293 and 100 K (PDB entries 1fhl and 1fob; Ryttersgaard et al., 2002) . Le Nours et al. (2003) determined the structures of two other fungal endo--1,4-galactanases with higher temperature optima, one from Humicola insolens (HIGAL; PDB entry 1hjq) and the other from Myceliophthora thermophilia (MTGAL; PDB entries 1hjs and 1hju). The structure is also known of an endo--1,4-galactanase from Bacillus licheniformis # 2013 International Union of Crystallography All rights reserved (BLGAL) both in the apo form and as oligosaccharide complexes (PDB entries 1r8l, 1ur0, 1ur4, 2ccr, 2gft and 2j74; Ryttersgaard et al., 2004; Le Nours et al., 2009) . In order to provide a structural background for the functional analysis of EnGAL in relation to the other enzymes from family GH53, structure determination of EnGAL was initiated.
Materials and methods

Macromolecule production
The endo--1,4-galactanase gene AN5727.2 (GenBank ABF50874.1; UniProtKB/SwissProt Q5B153) was obtained from the Fungal Genetics Stock Center (http://www.fgsc.net). It had been cloned earlier as the gene construct shown in Table 1 (Bauer et al., 2006) . The expression in P. pastoris, characterization and purification of EnGAL have been described in detail elsewhere (Silva et al., 2011; Michalak et al., 2012) . The gene construct included a C-terminal 6ÂHis tag. A His-tag IMAC column was used for purification using a binding buffer consisting of 0.04 M EPPS pH 8.0, 0.5 M NaCl and subsequent elution with 0.04 M EPPS, 0.5 M NaCl, 0.5 M imidazole. The imidazole was removed by gel filtration (PD10 column; GE Healthcare Life Sciences) with 0.04 M EPPS pH 8.0, 0.5 M NaCl. The protein was stored at 253 K with 25%(v/v) glycerol added.
Crystallization
The EnGAL solution was concentrated to 23.9 mg ml À1 on a cellulose membrane and was subsequently spun for 10 min at 10 000 rev min À1 to remove higher molecular-weight aggregates. The supernatant was used to set up MRC 2 Well sitting-drop trays with an Oryx 8 Crystallization Robot (Douglas Instruments Ltd). Crystallization trials were carried out with the Index HT, JCSG+ and PACT screens at room temperature using the same protein buffer (0.04 M EPPS pH 8.0, 0.5 M NaCl) for all experiments. The volume of the 1:1 ratio drops was 300 nl and the volume of the reservoir was 100 ml. A box-shaped single crystal with approximate dimensions of 50 Â 50 Â 150 mm appeared after five months in a condition consisting of 0.2 M zinc acetate, 0.1 M imidazole pH 8.0, 20%(w/v) PEG 3000. None of the other screening conditions gave any crystalline material. The crystal was cryoprotected with mother liquor and cryoprotectant solution (16% glycerol, 16% ethylene glycol, 18% sucrose, 4% glucose) in a 1:1 ratio and flash-cooled in liquid nitrogen.
Data collection and processing
X-ray diffraction data were collected on ESRF beamline ID23-2 (Flot et al., 2010) from the crystal cooled to 100 K. The strategy devised by EDNA (Incardona et al., 2009 ) was used in the data collection, which was performed with radiation of wavelength 0.8726 Å . The crystal diffracted to 2.0 Å resolution. Processing of the 180 images with XDS (Kabsch, 2010) showed that the crystal belonged to the orthorhombic space group P2 1 2 1 2 1 . The intensities were scaled with XSCALE (Kabsch, 2010) . Details of the data collection and data processing are presented in Table 2 .
Structure solution and refinement
The structure of EnGAL was determined by the molecularreplacement method using A. aculeatus endo--1,4-galactanase (AAGAL; PDB entry 1fob; Ryttersgaard et al., 2002) Table 2 Data-collection and processing statistics.
Values in parentheses are for the highest resolution shell. Table 3 Structure-refinement statistics for EnGAL. acids 18-352, by phenix.autobuild and manual building. The difference map showed 15 peaks close to negatively charged side chains, which were consistent with bound metal ions. In native AAGAL and BLGAL (Ryttersgaard et al., 2002 (Ryttersgaard et al., , 2004 crystallized in the presence of calcium ions, only one calcium ion could be located in each structure. In the present case the crystallization conditions contained 0.2 M zinc acetate, which made zinc ions the most likely candidate. At the wavelength used for data collection f 00 for calcium is significantly smaller (less than $25%) than f 00 for zinc. The anomalous difference map revealed fairly large peaks at all proposed metal sites, which verified them as zinc ions that could be refined at full occupancy. The difference density revealed N-acetylglucosamine (GluNAc) bound to Asn112. The final model also includes two residues from the His tag, which were modelled as Ala. Structure refinement was carried out with phenix.refine (see Table 3 for statistics). The Ramachandran plot was generated with MolProbity (Chen et al., 2010) .
Results and discussion
3.1. Overall structure
The overall fold of EnGAL is essentially identical to the previously observed (/) 8 barrel of the other three fungal galactanases belonging to GH53. This fold is highly conserved and EnGAL has an all-atom r.m.s.d. of 0.374 Å to its closest relative AAGAL. The cysteine bridge between Cys253 and Cys310 is conserved in the fungal enzymes. Among the four structurally characterized -1,4-galactanases, BLGAL is the enzyme that deviates most from the fungal galactanases, with an additional loop at the N-terminus, exhibiting an r.m.s.d. of 0.972 Å to EnGAL. Fig. 1 shows an overlay of EnGAL with the closest (AAGAL) and the least similar (BLGAL) endogalactanase structures. The sequence differences between EnGAL and the other fungal galactanases are predominantly found in the regions involved in ion binding (see below) and in residues 318-334 
Figure 2
Illustration of selected zinc sites in EnGAL, with the anomalous difference map in yellow contoured at the 5 level. (a) Zinc ion 402 coordinated by three amino acids from two molecules; (b) zinc ion 405 coordinated by two side chains from two molecules and two water molecules; (c) His150 bridging zinc ions 404 and 414. of the C-terminus, where BLGAL possesses an additional -helix ( Fig. 1 and Supplementary Table S1 ). The GluNAc N-glycosylation at Asn112, analogous to Asn111 in MTGAL and HIGAL, is consistent with previous observations for proteins expressed in P. pastoris (Zou et al., 2013) . The active site of EnGAL with the conserved catalytic machinery comprised of Glu136 and Glu246 contains a zinc ion ( Supplementary Fig. S3 ).
Zinc-binding sites
The anomalous difference map and analysis of the surroundings of the peaks identified 15 zinc ions bound to EnGAL. The coordination of the ions is in accordance with the results obtained previously by Harding (2004) for protein-bound zinc ions. Although the coordination geometry of the zinc ions ( Supplementary Table S2 ) is predominantly tetrahedral, there are also ions with octahedral and trigonal bipyramidal coordination. Only Zn407 is found in the interior of the protein, coordinated by the two catalytic residues Glu136 and Glu246 ( Supplementary Fig. S3 ). The surface-bound zinc ions in the crystal structure of EnGAL display variety in their coordination environment, as illustrated by a few examples. Fig. 2(a) shows the tetrahedral coordination of Zn402 by four carboxylate groups: Asp317 and Asp320 from its parent protein, Asp149 from a symmetry-related molecule and an acetate group. Fig. 2(b) shows how Zn405 is coordinated by two water molecules and the side chains of Glu60 and Lys166, again from two different molecules in the unit cell. The side chain of Lys166 is neutral owing to the high pH for crystallization and to the proximity to the zinc ion. A similar role of bridging symmetry-related molecules is found for five of the other zinc ions (Zn401, Zn408, Zn409, Zn410 and Zn412). Finally, Fig. 2(c) depicts how the His150 side chain links two zinc-ion sites (Zn404 and Zn414) from the same molecule.
The role of the zinc ions
It is noteworthy that it was only possible to obtain crystals of EnGAL at a high pH in the presence of 0.2 M zinc acetate. The structure analysis showed that about half of the bound zinc ions bridge the molecules in the unit cell ( Supplementary Fig. S4 ), which explains why the presence of zinc ions was imperative for the crystallization of EnGAL. A search of the PDB revealed several similar examples of proteins with metal ions from the crystallization conditions bound to the surface (Zn in PDB entry 1aol, Fass et al., 1997; Cu in PDB entry 3zud, Quinlan et al., 2011) . Recently, Cha et al. (2012) conducted a thorough study of zinc-ion binding to proteins and showed how an apparently nonspecific binding to the surface of proteins could be used to provide experimental phases. Crystallization of a protein at high pH in the presence of 0.003-0.3 M zinc ions can facilitate crystal formation by stabilizing intermolecular interactions, and the anomalous scattering from the zinc can aid the structure determination.
An interesting question remains: why does EnGAL bind zinc ions to an extent not seen for the other fungal galactanases? The calculated pI values for the fungal galactanases span from 4.0 (AAGAL) to 6.0 (BLGAL, MTGAL, HIGAL) and is 4.2 for EnGAL, the pI of which has been experimentally determined to be below 3.5. Although the overall negative charge does not differ greatly from the charge of AAGAL, a depiction of the surface charge of EnGAL reveals several negatively charged patches suitable for possible metal-ion binding (Fig. 3) . Furthermore, the 15 zinc ions compensate the 29 negative Relative surface charges plotted at neutral pH for AAGAL and EnGAL without the contribution from the bound metal ions (shown as black spheres). charges of the galactanase polyanion, which favours crystallization in addition to bridging different molecules in the unit cell. The noncovalent cross-linking of molecules by zinc ions facilitates crystallization and acts similarly to glutaraldehyde-linking (Wine et al., 2007) and protein-engineering approaches (Derewenda & Vekilov, 2006) .
EnGAL shows increased activity in the presence of divalent metal ions (Michalak et al., 2012) . The structure did not suggest any catalytic role for the zinc ions, so the likely explanation for the increased activity is that the bound zinc ions exert a stabilizing effect on the structure and neutralize the surface charge, which could favour interactions with the neutral substrate.
